Optical Weak Link between Two Spatially Separate Bose-Einstein Condensates 
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Two spatially separate Bose-Einstein condensates were prepared in an optical double-well poten- 
tial. A bidirectional coupling between the two condensates was established by two pairs of Bragg 
beams which continuously outcoupled atoms in opposite directions. The atomic currents induced 
by the optical coupling depend on the relative phase of the two condensates and on an additional 
controllable coupling phase. This was observed through symmetric and antisymmetric correlations 
between the two outcoupled atom fluxes. A Josephson optical coupling of two condensates in a 
ring geometry is proposed. The continuous outcoupling method was used to monitor slow relative 
motions of two elongated condensates and characterize the trapping potential. 
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Josephson effects Q are quantum phenomena in which 
the current between two weakly coupled, macroscopic 
quantum systems depends on the relative phase of the 
two systems. These effects are direct evidence for the 
existence of the phase of a macroscopic quantum sys- 
tem and observed in quantum systems such as super- 
conductors 0, superfluid '^He 0, and Bose condensed 
gases 0, . Josephson coupling between two systems is 
typically established via tunneling through a separating 
potential barrier or via an external driving field as in the 
internal Josephson effect 0, 1^ ■ Both couplings require 
spatial overlap of the two systems due to the intrinsic 
locality of the coupling interactions. 

The concept of Josephson coupling can be extended 
to include two spatially separate quantum systems by 
using intermediate coupling systems. If the phase re- 
lations among these systems are preserved and thus the 
net particle exchange is phase-sensitive, the two spatially 
separate systems might be regarded as being effectively 
Josephson-coupled via the intermediate systems. Fur- 
thermore, the phase of the coupling may be actively con- 
trolled by adjusting the coupling states of the intermedi- 
ate systems. This idea has been theoretically introduced 
in the context of relative phase measurement 

In this Letter, we experimentally demonstrate phase- 
sensitive optical coupling of two spatially separate Bose- 
Einstein condensates, using Bragg scattering. The sit- 
uation we are investigating is two condensates, irradi- 
ated by two pairs of Bragg beams (Fig. ^^a)). The two 
pairs of Bragg beams couple out beams of atoms prop- 
agating to the left or the right, respectively, and these 
unconfined propagating atoms constitute the intermedi- 
ate coupling system in our scheme. Depending on the 
relative phases of the two condensates and the coupling 
states, we observe only one outcoupled beam propagating 
to one or the other side, or two identical beams propa- 
gating in opposite directions (Fig.lJJ. This demonstrates 
phase control of currents and establishes a new scheme to 
realize Josephson effects with two non-overlapping con- 



FIG. 1: Optical coupling between two separate condensates, 
(a) Bidirectional coupling. Two pairs of Bragg beams with 
frequencies / and f + v are applied to two separate conden- 
sates, (b) Outcoupling process. Two condensates are trapped 
at a; = a^i and X2 {d = X2 — xi) . A pair of Bragg beams with 
frequency difference v generate a continuous atomic beam 
from each condensate. The two atomic beams overlap in 
X > X2, forming a matter wave interference pattern. Ui {U2) 
denotes the trap depth of the left (right) well, /Ii {1I2) the 
mean-field interaction energy of the left (right) condensate, 
and fci (^2) the wave number of the atomic beam from the 
left (right) condensate outside the trap. 



densates. In the following, we present a model for the 
phase-sensitive outcoupling process and an experimental 
test of the prediction that the phase of the atomic cur- 
rents into each condensate can be controlled. Finally, we 
suggest a Josephson optical coupling of two condensates 
in a ring geometry. 

First, we elaborate on the situation with a unidirec- 
tional optical couphng (Fig. ^b)). We use the conven- 
tional wavefunction description for condensates. Two 
condensates 1 and 2 are trapped in a double-well po- 
tential and optically coupled into unconfined states by 
a single pair of Bragg beams. Ignoring the accumu- 
lated phase shifts due to the interaction with the con- 
densates, we approximate the unconfined coupling states 
as truncated free propagating states, i.e., 'ipi{x,t) cx 
e(a;-a;,)^/^e'»(^■*) {i = 1, 2), where &(x) is the Heav- 
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iside step function, 7 is the outcoupling efficiency of the 
Bragg beams, Ni is the total atom number of condensate 
i, and Xii^^ t) — ~ + Xio is the phase of the cou- 
phng state with fiuji — , where m is atomic mass. 
The phase continuity at the coupUng position x ~ Xi 
requires 

Xi{xi,t) ^ cj)i{t) + (j)B{xi,t) ~ tt/2, (1) 

where (jiiit) is the phase of the condensate, (f>B{x,t) = 
2krX — ut + 4>Bo is the phase of the Bragg beams with 
wave number kr and frequency difference and — 7r/2 is 
the phase shift attributed to the scattering process [loj . 
In a Hnear regime with 7 ^ 1, </)i is not perturbed by 
the coupUng, i.e., (t>i{t) — ~j^t + (j)io, where Ti is Planck's 
constant divided by 2tt and /i^ = —Ui + fii (Fig. ^b)) is 
the chemical potential of the condensate. Satisfying the 
phase relation Eq. |^ at all t requires 

flLOi = hi^ + fl^, (2) 

Xia = -Sk^Xi + + 't'lO - 7r/2, (3) 

where Ski — ki — 2kr. Eq. |j2Jl, the temporal part in 
Eq. corresponds to energy conservation. 

In the overlapping region, x > X2, the two atomic 
beams from each condensate form a matter wave in- 
terference pattern, and the outcoupled atom density 
n{x,t) = \^pi{x,t) + i/)2(x,t)p. For a better inter- 
pretation, we define the right outcoupled atom density 
nii(s,t) = n{s + X2,t), where s indicates the distance 
from the right condensate, 

nRis,t) = ^ {Nt + 2y/NiN2 cos(Afcs + 4>r{t) - Skid)) , 

(4) 

where Nt = Ni + N2, Afc = ^2 — fci, d = X2 — xi, and 
4>rit) = 4>2{t) — 01 (i)- We approximate the propagating 
velocity = |^ ~ 2vr with Ski <^ 2kr, where Vr — ^ 
is the recoil velocity. According to the relative phase 0^, 
outcoupled atoms from the left condensate are coupled 
into or amplified by the right condensate. The spatial and 
temporal modulation of the outcoupled atom flux riR rep- 
resents the evolution of the relative phase 4>r, which was 
directly demonstrated in our previous experiments 

The phase term —Skid can be interpreted as the phase 
shift which outcoupled atoms would accumulate during 
the flight from the left condensate to the right with re- 
spect to the Bragg beam phase (j>B which is acting as the 
phase reference. A similar relation between nu and (j)r 
can be obtained in terms of the dynamic structure factor 
of two separate condensates (1^ , but the phase modula- 
tion of coupling states in the middle of two condensates is 
likely to be ignored in the conventional impulse approx- 
imation This phase shift is the key element for an 
actively-controlled optical coupling and its physical im- 
portance will be manifest in the following bidirectional 
coupling scheme. 
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FIG. 2: Symmetric and antisymmetric correlation between 
outcoupled atom patterns. Two pairs of Bragg beams 
(Fig. H^a)) outcoupled atoms in either +x or —x direction. 
Absorption images were taken after 5 ms outcoupling and 
2 ms additional ballistic expansion. The left outcoupled atom 
patterns were compared with the corresponding right pat- 
terns. Symmetric correlation between two patterns was ob- 
served at (a) V = 2n X 100.5 kHz and (c) antisymmetric at 
ly = 2tv X 101.5 kHz. The field of view is 900 /xm x 590 ^^m. 
(b,d) Outcoupled atom flux densities were obtained by inte- 
grating optical densities between the dashed lines and convert- 
ing the spatial coordinate to the time coordinate. The solid 
(dashed) lines correspond to left (right) outcoupled atoms, (e) 
The coupling phase 9 of the two outcoupled patterns showed 
a linear dependence on 1/ with 86 /dv — (2.4 kHz)^^. 



We now add another pair of Bragg beams to outcouple 
atoms in the —x direction. Modifying the above calcu- 
lation by ki^r — *■ —ki^r, the left outcoupled atom density 
nL{s, t) = n{xi — s) is given as 

nLis,t) = ^{Nt + 2^/N^cos{Aks + Mt) + Sk2d)). 

(5) 

Considering the atom flux for each condensate, we find 
rate equations for A^i and N2. For example, the left con- 
densate has infiux of 7iV2 from the right condensate and 
outflux of jNi and rtL(0,i) in +x and —x direction, re- 
spectively. The final rate equations read 

N1.2 = -2j{Ni,2 + VNiN2C0s{(f>r{t) T Ski^2d)). (6) 

Except for the global depletion effect of Bragg scatter- 
ing, the rate equations describe Josephson oscillations 
due to the bidirectional optical coupling, i.e., that the 
atomic currents into the condensates depend on the rel- 
ative phase. 



The optical Josephson coupling has a unique feature 
in the control of the phase accumulated by atoms in the 
coupling state |^. Since the intermediate system "de- 
livers" the phase information from one condensate to 
the other, the phase can be manipulated in transit and 
consequently, the phase of the effective coupling can be 
controlled without affecting the two condensates. In the 
bidirectional coupling scheme, the control of the coupling 
phase is embodied in the phase shift terms, —Skid and 
6k2d. We define the coupling phase as 6* = {6ki + Sk2)d, 
and with Ski <C 2fcj., approximate as 
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where E^. — is the recoil energy. is equivalent to 
the relative phase of and n/j. When — {0 — tt) 
(mod 27r), ul and nn will show (anti)symmetric correla- 
tion. 

The control of the coupling phase was experimen- 
tally demonstrated. Condensates of ^'^Na atoms in the 
\F = l,mp = —1) state were prepared in an opti- 
cal double- well potential as described in Ref. The 
1/e^-intensity radius of a focused laser beam for a sin- 
gle well was 7.6 and the typical trap depth was 
Ui^2 ~ /i X 18 kHz. The separation of the two wells was 
d — 11.4 /im and each well started with a condensate 
of ~ 5 X 10^ atoms. Two pairs of Bragg beams parallel 
to the separation direction were applied to the conden- 
sates by retroreflecting two copropagating laser beams 
with frequency difference v. The lifetime of condensates 
was over 18 s and the 1/e depletion time due to Bragg 
scattering into both directions was 4.5 ms. Outcoupling 
patterns were measured by taking absorption images of 
outcoupled atoms. 

When the Bragg frequency difference ly was varied, the 
outcoupling pattern cycled through symmetric and an- 
tisymmetric correlations (Fig. The coupling phase 
9 was fit to the observed patterns for each Bragg fre- 
quency (Fig.[2Ie)). The linear dependence was measured 
as 80/ dv = (2.4±0.2 kHz)~^, which is consistent with the 
predicted value d/vr — (2.6 kHz)^^. This clearly demon- 
strates the presence and control of the coupling phase 
in our optical coupling scheme. With the antisymmetric 
condition, 6* = tt, as a function of the propagating rela- 
tive phase, the output oscillated between predominantly 
to the left and predominantly to the right (Fig.[5fc) and 
(d)). The experimental situation has perfect mirror sym- 
metry. Unidirectional output in a symmetric situation is 
a macroscopic consequence of the condensates' phase. 

Control of the coupling phase can be used to introduce 
temporal and spatial variations of Josephson-type cou- 
pling. Temporal control with real-time feedback could 
ensure the coherent and continuous replenishment of a 
condensate (see Ref. 0]). For elongated condensates, 
as used here, spatial control with barrier heights or well 
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FIG. 3: Optical coupling of two condensates on a ring. Two 
condensates are confined at opposite sides on a ring-shaped 
waveguide and a pair of Bragg beams (Bragg 1 and 2) outcou- 
ple atoms in the clockwise direction. The shaded boxes A and 
B are phase modulators for atoms and photons, respectively. 




FIG. 4: Monitoring of slow relative axial motions. Two 
chemical potentials were equalized within 400 Hz and the 
temporal evolution of the relative phase of two condensates 
along the axial [z) direction was recorded in the outcoupled 
atom patterns, (a) represents relative dipole oscillation, cor- 
responding to relative velocity « 300 fim/s or kinetic energy 
of ~ 130 pKxfcs, and (b) relative quadruple oscillation, ks 
is the Boltzmann constant. 



separations could create spatially varying coupling along 
the condensate axis, and realize, e.g., ring currents. 

One limitation of the bidirectional coupling scheme is 
that atoms are depleted out of the system due to the 
linear geometry. Even though the pattern of outcoupled 
atoms is a crucial signal for monitoring the coupling dy- 
namics, the coupling time is fundamentally limited. To 
overcome this shortcoming, we envisage a system pre- 
serving total atom number like in Fig. 13 where atoms 
circulate between two condensates in a ring waveguide. 
With assumptions that the traveling time 6t for atoms 
from one condensate to the other is short enough to sat- 
isfy (prSt ^ 1 and that the density profiles are constant 
over the trajectories between the two condensates, the 
governing equation, in a linear regime, is 



(8) 



where <j)m is the effective coupling phase which is deter- 
mined by the accumulated phase shift over the round 
trajectories and the phase of the Bragg beams. 

The long condensates used here introduce a new degree 
of freedom into the usual point-like Josephson junctions: 
the condensates can have a spatially varying phase along 
the axial direction. Since the optical coupling is selec- 
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FIG. 5: Trap characterization by continuous outcoupling. (a) 
Atoms were outcoupled from a single well and the traveling 
distance D with fixed traveling time t = 7 ms was measured, 
changing the trap depth U by varying the total power of the 
Iciser beam forming the single well. The solid line is a fitting 
curve (see the text for details.) with f a.u.= 18.0 kHz and 
1 pixel= 3.11 nm. Dipole oscillation in the a;-direction was 
induced by suddenly shifting the trap center, (b) Outcoupling 
pattern with Bragg frequency difference z/ = 27r x 114 kHz 
and (c) v — 2n X 101.5 kHz, which correspond to resonant 
velocities of ~ 4 mm/s and « mm/s, respectively. In (b), 
the left and the right pattern have antisymmetric correlation. 



tively established between condensates at the same axial 
position, axial gradients of the relative phase are directly 
observed through tilted fringes in the pattern of outcou- 
pled atoms. In Fig.^ we present two examples showing 
the effects of relative dipole and quadru ple axial motions 
of two condensates. Josephson vortex |l6| and modula- 
tional instabilities in elongated coupled condensates 
were theoretically suggested. 

Continuous Bragg scattering was used to characterize 
the trap depth and the trap frequency of a single opti- 
cal trap (Fig.[SJ). Since momentum and energy imparted 
in the scattering process are precisely defined, the ki- 
netic energy of atoms coupled out of a trap determines 
the depth of the trap. We measured the traveling dis- 
tance D of outcoupled atoms with fixed traveling time 
t, and determined the trap depth U from the relation, 
D/t — \J — 2U /m, ignoring the mean-field interac- 
tion with the condensate and the finite size of the trap. 
Additionally, the exact knowledge of the recoil velocity 
Vr calibrates the optical magnification of images. 

On the other hand, the trap frequency was measured 
using velocity sensitivity of Bragg scattering. When a 
condensate oscillates in a trap, atoms are coupled out 
only when the condensate is at the resonant velocity. 
Since the dipole oscillation of a condensate in a harmonic 
trap is the same as the trap frequency /, the outcoupling 
frequency is the same as / when Bragg beams are tuned 
at the maximum velocity (Fig.|SJb)), 2/ at zero velocity 
(Fig.Oc)). Even though the frequency resolution is lim- 
ited by the finite coupling time, this method provides a 
lot of information in a single measurement. For example, 
the pattern of outcoupled atoms in Fig. Elb) is curved 



because the trap frequency changes along the axial di- 
rection. 

The system studied here is perfectly symmetric. Nev- 
ertheless, in any realization of the experiment, the rel- 
ative phase of the two condensates assumes a specific 
value and spontaneously breaks the symmetry. The uni- 
directional output is equivalent to the magnetization in 
a ferromagnet, which, by spontaneous symmetry break- 
ing, points into a specific direction. Spontaneous sym- 
metry breaking can be observed in the interference pat- 
tern of two overlapping condensates which has a definite 
phase [l^ . Unidirectional output in a symmetric situa- 
tion more dramatically shows the existence of the con- 
densates' phase. 

In conclusion, we experimentally studied the optical 
coupling between two spatially separate condensates us- 
ing bidirectional Bragg scattering and demonstrated that 
the phase of the coupling currents can be controlled. This 
scheme is a new approach for observing Josephson phe- 
nomena, but also for monitoring condensate motion and 
characterizing trapping potentials. 
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